Introduction
Citrus fruits are among the most important fruits worldwide. Throughout human history, many parts of Citrus plants have been used for diverse purposes: as foods, flavorings, spices, medicines, and perfumes. For example, mandarin peel is important in Chinese medicine, and the peel oils of major citrus species, which are produced as byproducts from the juice industry, are used as food additives in housekeeping products and as aromatherapy oils (Buckle, 2000) . Many reports have described the volatile components of Japanese citrus fruits (Akakabe et al., 2008a, b; Choi and Sawamura, 2001, 2002; Phi et al., 2006 Phi et al., , 2009 Takeuchi et al., 2005) and common citrus fruits cultivated worldwide (Belsito et al., 2007; Elmaci and Altug, 2005; Fanciullino et al., 2006; Gariele et al., 2009; Shaw et al., 2001; Yadav et al., 2004) . The Japanese aromatherapy industry is much smaller than that in Europe, but the sales of aromatherapy goods are increasing every year. Several kind of citrus essential oils are produced on a small scale, including yuzu (Citrus junos Siebold ex Tanaka), kabosu (C. sphaerocarpa hort. ex Tanaka), hyuganatsu (C. tamurana hort. ex Tanaka) , and shiikuwasha (C. depressa Hayata).
Citrus fruits, particularly the peel, also contain high levels of flavonoids (Nogata et al., 2006; Yamamoto et al., 2008) , which have diverse functions in human health. One of the most important flavonoid groups is the polymethoxyflavones (PMFs), which are found at high levels in shiikuwasha (Nogata et al., 2006; Yamamoto et al., 2008) . PMFs have wellknown functions and bioactivities, including antitumor, anti-inflammation, anti-hyperglycemic, and antirheumatism effects (Choi et al., 2007; Hirata et al., 2009; Hosseinimehr et al., 2009; Juichi, 2005; Kawai et al., 1999; Kunimasa et al., 2009; Wu et al., 2006) . Epidemiological research has also been conducted on synephrine, a citrus peel component that is used as a 215 dietary supplement for metabolic stimulation (Westanmo, 2007) . Synephrine is a major component of Chinese medicines formulated for indigestion and pharynx troubles (Pellati et al., 2004; Tsujita and Takaku, 2008) . Furthermore, several volatile components have been shown to have antitumor and lipolytic activities (Choi, 2006; Del Toro-Arreola et al., 2005; Mastelic et al., 2008; Patil et al., 2009) .
Shiikuwasha originated on Okinawa and many phenotypes occur throughout the Ryukyu Islands. On Okinawa, the production of shiikuwasha has increased over recent years, exceeding 3,500 t in 2009. Production now exceeds the amount required for juice production, so new ways of using the resources are needed. Several citrus accessions in the Ryukyu Islands, including the Okinawa and Amami Islands, remain uninvestigated Yamamoto et al., 2006) , and little information about the phytochemicals and volatile constituents of Okinawa local citrus fruits is available (Nogata et al., 2006; Yamamoto et al., 2008) . Thus, the composition and functional properties of these local citrus cultivars should be investigated so that premium, value-added products can be developed from the fruit and juice residues.
Here, we aimed to characterize the volatile components and to quantify PMFs and synephrine in the peel of 10 citrus fruits grown on Okinawa. This information will be useful for the development of new processing methods and products, which will improve the utilization of these resources.
Materials and Methods

Plant materials
We selected seven local citrus cultivars and three major introduced commercial citrus cultivars for analysis (Table 1) . Various phenotypes of shiikuwasha are grown in Okinawa, and two were analyzed, 'Ogimikuganii' and 'Ishikunibu'. The other local citrus cultivars are 'Kabuchii' (C. keraji hort ex Tanaka var. kabuchii), 'Keraji' (C. keraji hort. ex Tanaka), 'Rokugatsumikan' (C. rokugatsu hort. ex Yu. Tanaka), 'Oto' (C. oto hort. ex Yu. Tanaka), and 'Tokunibu' (C. nobilis Lour.). 'Tokunibu' was introduced from China or Southeast Asia in the middle of the 15th century (Tanaka, 1948) . The introduced commercial citrus cultivars are 'T-132' (C. tankan Hayata), 'Izumibeni' (C. tangerine hort. ex Brix (%) (n = 5) 10.0 ± 0.8 11.7 ± 0.5 10.3 ± 0.9 9.6 ± 0.5 9.9 ± 0.4 Acidity (%) (n = 5) 2.5 ± 0.2 1.2 ± 0. Segment number (n = 5) 8.4 ± 0.8 9.5 ± 0.8 6.8 ± 0.8 8.8 ± 1.1 10.8 ± 1.1
Peel thickness (mm) (n = 5) 1.8 ± 0.2 1.8 ± 0.4 1.8 ± 0.3 6.1 ± 1.0 2.6 ± 0. Brix (%) (n = 5) 9.2 ± 0.3 9.3 ± 0.6 9.1 ± 0.3 11.3 ± 0.7 12.6 ± 1.2 Acidity (%) (n = 5) 1.1 ± 0.2 1.1 ± 0.5 1.0 ± 0.1 1.0 ± 0.1 1.3 ± 0.3
Average seed per fruit (n = 5) 11.0 0.6 4.3 0.4 9.2
Segment number (n = 5) 9.4 ± 1.1 8.7 ± 1.3 11.8 ± 1.3 10.6 ± 0.6 10.4 ± 0.6
Peel thickness (mm) (n = 5) 4.4 ± 0.0 4.0 ± 0.5 5.0 ± 1.0 2.9 ± 0.9 2.1 ± 0. table  table  table  table  table   Fruit Tanaka), and 'Shikikitsu' (C. madurensis Lour.), which are grown in Okinawa and across China and Southeast Asia. Immature and mature fruits were collected from all cultivars from September 2008 to March 2009. All cultivars grew in Motobu, Nago, and Ogimi, in the northern part of Okinawa Island. The fruits were picked from the same tree and then peeled with a peeler or by hand. The fresh peel was stored at −20°C until extraction of volatile components. Another peel sample was prepared for high performance liquid chromatography (HPLC) analyses; peels from five fruits were freezedried and then ground to a fine powder before being stored at −20°C until analysis.
Extraction of volatile components from peels
In our previous study , the volatile constituents of citrus peel did not show many differences among distilled extracts, coldpressed extracts and hexane extracts, therefore, we used the hexane extract here. Frozen fresh peel (10 g) was homogenized in an equal volume of distilled water, and then 1 mL hexane was added. The mixture was vortexed, sonicated for 10 min, and then centrifuged at 15,000 × g (12,000 rpm) for 30 min at 4°C. The hexane phase, which was separated as the supernatant, was collected. All hexane fractions were dehydrated with sodium sulfate and then filtered (MINISART RC4, 0.2 μm pore size, Sartorius Stedim Biotech GmbH, Göettingen, Germany) before gas chromatography-mass spectrometry (GC-MS) analysis.
Volatile constitutions analysis using GC-MS
Two types of capillary columns, DB-WAX and DB-5MS (30 m × 0.32 mm (i.d.), film thickness, 0.25 μm, J&W Scientific Inc., Folsom, USA) were used for GC-MS analyses (GC-MS 2010 Plus, Shimadzu Co., Kyoto, Japan). The initial oven temperature for both columns was 60°C. The temperature was increased by 3°C per min to a final temperature of 200°C for DB-WAX and 240°C for DB-5MS. The electron ionization detector of the mass spectrometer was set to 0.7 kV at 200°C. The GC-MS injection temperature was set to 220°C in constant flow mode. Injections were performed in split mode (20 : 1). The analyses were performed in constant flow mode with helium as the carrier gas. Authentic standards used for identifying volatile components were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), Nacalai Tesque Inc. (Kyoto, Japan), Sigma-Aldrich Co. (St. Louis, USA), Funakoshi Inc. (Tokyo, Japan), and Kanto Chemical Co., Inc. (Tokyo, Japan). Compounds that could not be identified by comparison to authentic standards were identified on the basis of results in the FFNSC and NIST08 libraries (Shimadzu Co.) and the retention index calculated using the retention time of co-injected n-alkanes. We also referred to previously published retention indexes of volatile citrus components (Akakabe et al., 2008a, b; Belsito et al., 2007; Choi and Sawamura, 2001, 2002; Fanciullino et al., 2006; Gariele et al., 2009; Miyazawa et al., 2009; Phi et al., 2006 Phi et al., , 2009 .
PMFs and synephrine analyses using HPLC
A mixture of dimethylsulfoxide and methanol (50 : 50 v/v) was used for extraction of PMFs. Distilled water was used for extraction of synephrine. Powdered peel (50 mg) was vortexed and then sonicated for 10 min in 600 μL of each extraction liquid. This first extraction step was finished by 30 min of centrifugation (15,000 × g) at 4°C, and then the supernatant was carefully collected. Each peel sample was extracted three times, and the supernatants were combined for HPLC analysis. These samples were filtered through a 0.45 μm nitrocellulose membrane before injection into the HPLC system (Controller, SCL-10Avp, Shimadzu Co.). The conditions used for PMF and synephrine analyses were as follows: ODS reverse phase column (Shim-pack VP-ODS, 150 mm × 4.6 mm i.d., Shimadzu Co.) in the CTO10ASvp oven at 40°C, with a UV detector (SPD-10Avp, Shimadzu Co.) set at 340 nm for PMFs and 223 nm for synephrine. The transfer buffer used in PMFs analyses was 75% methanol -25% distilled water (v/v) containing 10 mM phosphoric acid; that used for synephrine analyses was distilled water containing 5% (v/v) acetonitrile and 0.5% (v/v) acetic acid. The flow rate for both analyses was 1.0 mL per min, provided by a LC10Avp pump operated in isocratic mode. Authentic standards of nobiletin, tangeretin, sinensetin, Hexamethoxyflavone, and synephrine were purchased from Funakoshi Inc., and Wako Pure Chemical Industries, Ltd. Natsudaidain and heptamethoxyflavone were supplied by the National Institute of Fruit Tree Science (Shizuoka, Japan).
Results
Volatile constitution
Seventy volatile components were identified in the peel (Tables 2 and 3) . Each cultivar showed characteristic constituents, especially in immature peel (Table 2) , which contained more minor compounds and a higher percentages of them than mature peel (Table 3 ). The contents of monoterpene hydrocarbons increased with maturity, while those of other minor volatile components decreased. d-Limonene was the most abundant monoterpene hydrocarbon in all peels, and increased at maturity in all cultivars except 'Kabuchii'. The next most abundant monoterpene hydrocarbons in mature peel could categorize the cultivars into three groups: low γ-terpinene and low β-myrcene (type L); high γ-terpinene (type T); and high β-myrcene (type M) (Fig. 1) . Type L included 'T-132' and 'Izumibeni' which contained mainly d-limonene. Type T included all cultivars that originated in Okinawa and 'Shikikitsu'. Type M included 'Keraji' and 'Tokunibu'. Other monoterpene hydrocar- bons (α-, β-pinene and p-cymene) were found at high levels in shiikuwasha ('Ogimikuganii' and 'Ishikunibu'), 'Kabuchii', and 'Oto'. All immature samples had high levels of linalool, the major monoterpene alcohol. Local cultivars had higher levels of the other minor aromatic compounds than common oranges or grapefruits. For example, immature 'Kabuchii' contained 5.17% total sesquiterpene hydrocarbons, and immature 'Keraji' contained 19.10% total esters. Aliphatic alcohols and aliphatic aldehydes are keynote aromatic compounds of citrus fruits, but both groups decreased at maturity, although they remained high in 'Ishikunibu', 'Kabuchii', and 'Keraji'. 
